Introduction
============

Preeclampsia (PE) is a pregnancy-induced hypertensive disorder associated with proteinuria that occurs after the 20th gestational week. This disorder affects 5--8% of pregnancies, and it is highly related with perinatal morbidity and mortality.^[@bib1],\ [@bib2]^ Although the aetiology of PE has not been entirely clarified, the most widely held view is that trophoblast injury including invasion malfunction and apoptosis are key mechanisms in PE pathogenicity.^[@bib3],\ [@bib4],\ [@bib5]^

Nitric oxide (NO) is a potent vasodilator and is thought to have a major effect on gestational vasodilation.^[@bib6]^ NO production is catalyzed by the conversion of [L]{.smallcaps}-arginine to NO by NO synthase (NOS), including neuronal NOS, endothelial NOS (eNOS) and inducible NOS (iNOS). It is reported that eNOS and iNOS are expressed mainly on syncytiotrophoblasts and endothelial cells in the placenta during pregnancy.^[@bib7],\ [@bib8]^ However, their expression and role on trophoblasts in PE patients remain uncertain.

Endoplasmic reticulum (ER) stress, provoked by stress and an imbalance between the load of unfolded proteins in the ER and the capacity of the ER, leads to the accumulation of unfolded or misfolded proteins in the ER.^[@bib9]^ This accumulation triggers the activation of three well-known pathways: the double-stranded RNA-activated protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6) and the spliced form of X-box binding protein 1 (XBP1s).^[@bib10]^ These pathways induce the expression of the major ER heat shock proteins, including GRP94 and GRP78, that together enhance the protein folding machinery.^[@bib11],\ [@bib12]^ Once the unfolded protein response fails to control the levels of the unfolded and misfolded proteins in the ER, ER-initiated apoptotic signalling is induced along with activation of the death factor CCAAT/enhancer-binding protein homologous protein (CHOP).^[@bib13]^ Increasing evidence has indicated that ER stress-induced trophoblastic apoptosis may be an important feature of the placental pathophysiology in PE.^[@bib14],\ [@bib15]^

Previous studies have shown that NO is a potent inducer of ER stress, thus inducing apoptosis in chondrocytes.^[@bib16],\ [@bib17]^ However, little is known about the correlation and detailed expression profiles of the NO pathway and ER-mediated apoptotic pathways in the placentas of PE patients.

To better explore the various mechanisms of severe PE, the protein expression of eNOS and iNOS as well as the overall detailed expression profiles of ER stress-related markers in the placentas of patients with PE were investigated. In addition, the apoptosis of placental trophoblasts was evaluated.

Patients and methods
====================

Patients and sample collection
------------------------------

The data of women with PE (*n*=32) and healthy women at term (*n*=32) as controls undergoing a caesarean section were analysed. PE was defined as persistent systolic blood pressure ⩾140 mm Hg or diastolic blood pressure ⩾90 mm Hg respectively, with urine protein ⩾0.3 g per 24 h, occurring after 20 weeks of gestation. Severe PE was defined as new-onset systolic blood pressure ⩾160 mm Hg or diastolic blood pressure ⩾110 mm Hg, diagnosed after 20 weeks of gestation. In addition, severe PE group included cerebral or visual disturbances, right epigastric pain, pulmonary oedema, oliguria or low platelet count and abnormal liver function.^[@bib18]^ Patients with preexisting metabolic disease or other complications were excluded. Managements were following the guidelines included antihypertensive drugs, antenatal dexamethasone treatment and timely delivery of the baby. Magnesium sulphate (MgSO~4~) was used in severe PE to prevent eclamptic seizures in the mother and neuroprotective for the preterm infant (\<37 weeks).

All pregnant women included in this study were recruited from the Third Affiliated Hospital of Guangzhou Medical University, Guangzhou, China. The study protocol was approved by the local Ethics Committee. All patients provided written informed consent before taking part in this study. Placental tissues were biopsied a few minutes after delivery. Approximately 1 g of tissue was dissected from the central part of the maternal side of each placenta (excluding the calcified area), rinsed briefly in 0.9% saline and snap frozen in liquid nitrogen.

Western blot
------------

Placental tissues were homogenized and lysed in radioimmunoprecipitation assay buffer supplemented with 1 m[M]{.smallcaps} phenylmethanesulfonyl fluoride for 1 h and then centrifuged at 15 000 r.p.m. for 30 min at 4 °C. The protein concentration was measured using a BCA protein assay kit. Equal amounts of protein (40 μg per lane) were separated on 10% SDS--polyacrylamide gels and then transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked in Tris-buffered saline containing 5% nonfat milk powder for 1 h and then incubated overnight with antibodies against PERK, phospho-PERK, IRE1a, IRE1 (phospho-S724), eIF2α, phospho-eIF2a, XBP-1s, GRP78, GRP94, CHOP, caspase 4, eNOS, eNOS (phospho S1177), ATF6 and iNOS ([Table 1](#tbl1){ref-type="table"}), each diluted in Tris-buffered saline/5% nonfat milk powder; the samples were subsequently incubated with an antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading control. The membranes were washed three times with Tris-buffered saline containing Tween-20 and then incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:1500) for 1 h at room temperature. Proteins were detected by enhanced chemiluminescence reagents. The level of expression of each protein was analyzed using ImageJ software (US National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry
--------------------

For immunohistochemistry, one full-thickness section was placed into 10% buffered formalin for 12--24 h before embedding in paraffin wax, according to standard procedures. The sections were cut at a thickness of 6 μm. After dewaxing and blocking of endogenous peroxidases, the sections were incubated with nonimmune serum for 1 h. Rabbit polyclonal antibodies against eNOS (Cell Signaling Technology, Danvers, MA, USA) and iNOS (Abcam, Cambridge, UK) were diluted 1:500 and incubated overnight at 4 °C. Sections were lightly counterstained with haematoxylin.

Detection of apoptosis by TUNEL assay
-------------------------------------

Paraffin sections were dewaxed and *in situ* detection of apoptosis in the renal tissues was performed by a terminal deoxynucleotidyl transferase-mediated nick-end labelling (TUNEL) assay, according to the manufacturer\'s instructions (Roche Diagnostics, Indianapolis, IN, USA). After TUNEL labelling, the nucleus was labelled with 4\',6-diamidino-2-phenylindole (DAPI; Molecular Probes, Invitrogen, Carlsbad, CA, USA), and the TUNEL-positive labelled cells were observed using a Nikon C2si fluorescence microscope (Nikon, Tokyo, Japan) using a 20 × objective at 1024 × 1024 resolution with 1.6 × zoom. The average number of apoptotic cells in each group was calculated by taking the average number of TUNEL-positive apoptotic cells in 10 fields from each placental sample (*n*=5--6/group) with × 200 magnification.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS software (version 20; SPSS, Chicago, IL, USA). Quantitative data were expressed as mean±s.d. The results from the three groups were compared with one-way analysis of variance or nonparametric Kruskal--Wallis tests. Multiple comparisons were assessed using Student--Newman--Keuls tests, with Bonferroni\'s correction applied for *post hoc* analyses of qualitative data. A two-sided *P-*value of \<0.05 was considered significant.

Results
=======

Characteristics of the study population
---------------------------------------

A total of 64 placental samples were used for this study, including 32 controls and 32 PE placentas. All control placentas were delivered at term from normotensive healthy singleton pregnancies. The characteristics of the study population, including maternal age, prepregnancy body mass index, parity, blood pressure (systolic pressure and diastolic pressure), proteinuria (g per 24 h), uric acid, fetal gender and birth weight, are shown in [Table 2](#tbl2){ref-type="table"}. There were no significant differences in maternal age, prepregnancy body mass index, gravida, parity, aspartate transaminase level or fetal gender between the two groups. Blood pressure (systolic pressure and diastolic pressure) as well as uric acid, alanine transaminase, creatinine and urine protein levels were significantly higher in the PE group than in the normal control (*P*\<0.05). However, the birth weight was significantly less in the PE group than in the normal group (*P*\<0.01).

Placental expression of eNOS and iNOS in PE
-------------------------------------------

Immunohistochemistry showed strong reactivity for iNOS in PE placentas, but not in the controls. In addition, the western blot analyses indicated that the protein expression of iNOS was higher in the placentas of the PE group than in the control group. However, the expression of eNOS was less in PE placentas (*P*\<0.05; [Figure 1](#fig1){ref-type="fig"}). Although the phosphorylation of eNOS at serine 1177 was higher in the placentas of the PE group than in the control group, the difference was not significant (*P*\>0.05; [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Placental expression of ER stress marker proteins in PE
-------------------------------------------------------

The western blot analyses showed that the expression of the proteins GRP78, GRP94, p-PERK, eIF2a, p-eIF2a, XBP1, CHOP, Ire1 and p-Ire1 was significantly higher in the placentas of women with PE than in the placentas of control women. In contrast, the levels of ATF6 and PERK were similar in the two groups ([Figure 2](#fig2){ref-type="fig"}).

Increased apoptosis and caspase 4 expression in PE
--------------------------------------------------

According to the TUNEL staining assay, apoptosis was identified by the appearance of nuclear green staining. There were minimal apoptotic changes noted in the nuclei in the control group ([Figure 3](#fig3){ref-type="fig"}). In contrast, the placentas in the PE group revealed increased apoptosis in the chorionic trophoblasts. The apoptotic index (the percentage of TUNEL-positive nuclei per total nuclei) was statistically greater in the PE group than in the control group (15±2.7% vs 4±1.2%, *P*\<0.05; [Figure 3](#fig3){ref-type="fig"}). Moreover, quantitation of caspase 4 by western blot indicated significantly increased expression of this protein in the PE placentas ([Figures 3h--i](#fig3){ref-type="fig"}).

Discussion
==========

In this study, we investigated the detailed expression profiles of eNOS and iNOS as well as ER stress markers in the placentas of women with PE using western blot. The activation of NOS triggers the production of NO during pregnancy. The eNOS isoform is expressed constitutively in the vascular endothelium and maintains vascular tone through the intrinsic synthesis of NO, thereby inhibiting the adhesion of leukocytes and platelets to the endothelium and impeding the proinflammatory state. eNOS has been identified as one of the susceptible genes of PE by fine mapping.^[@bib19]^ In addition, eNOS knockout leads to elevation of blood pressure and reduces the production of NO.^[@bib20]^ Moreover, a significant reduction in the expression of eNOS has been observed in the endothelium of the umbilical artery of pregnant women with PE.^[@bib21]^ Consistent with these results, lower levels of eNOS were detected by western blot analyses in the PE placentas as compared with the normal controls. Phosphorylation of eNOS at serine 1177 and at threonine 495 can modify the NO-producing activity of the coupled eNOS and the superoxide-producing activity of the uncoupled eNOS.^[@bib22]^ We also detected the phosphorylation of eNOS at serine 1177 of placentas by western blot. However, there was no significant difference between PE group and control group, although the phosphorylation of eNOS at serine 1177 was higher in the placentas of the PE group than in the control group ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

iNOS is stimulated in a proinflammatory or an inflammatory condition and produces a temporary excess of NO. iNOS expression has been detected in placental tissues (within the placenta, iNOS is localized in the villous stroma and in extravillous trophoblasts^[@bib23]^) from normal and hypertensive pregnancies.^[@bib24],\ [@bib25],\ [@bib26]^ However, the relationship between iNOS and PE is still controversial.^[@bib27]^ As inflammatory cytokines and NO have been suspected to be important contributors in the pathological process of PE,^[@bib28]^ it is of interest to assess whether iNOS is associated with the pathogenesis of PE, particularly in pregnancy disorders caused by dyslipidaemia.

The western blot analyses showed that iNOS was increased in the placentas of women with PE, similar to previous studies.^[@bib24],\ [@bib29]^ However, these findings conflict with another report.^[@bib30]^ Smith-Jackson *et al.*^[@bib30]^ found that the protein expression of eNOS and iNOS in the placentas of women with PE was similar to control placentas by immunohistochemical staining, although eNOS mRNA expression was increased in the PE placentas. These differences may be attributed to the origin of the samples (decidual tissues and placentas, respectively). Second, the severity of PE was different in these studies; it was found that a progressive increase in eNOS staining was seen along with PE severity in the pregnant hypertensive group.^[@bib21]^

In addition, our results were consistent with the results of the study of Ariza *et al.*^[@bib29]^ that reported that placental gene expression of iNOS was significantly higher in the PE group than in the control group and eNOS expression was 67% lower in the PE group. Moreover, they observed that MgSO~4~ treatment presented opposite effects on eNOS and iNOS placental expression in mild PE group. However, despite the severe PE patients had been treated with MgSO~4~ in our study, the placental protein expression of iNOS was still higher and eNOS was lower than in the control group. This paradox may be caused by the PE of different severity in both studies. In our study, all the severe PE patients (30 of 32 patients) were treated with MgSO~4~ to prevent eclamptic seizures in the mother and neuroprotective for the preterm infant following the guideline from ACOG (American College of Obstetricians and Gynaecologists), but the effect of MgSO~4~ treatment on the placenta protein expression of iNOS and eNOS in the severe PE patients needed to be further studied.

The ER performs multiple important functions that are essential to cell survival and normal cellular function, including Ca^2+^ storage, post-translational modification and the folding and assembly of newly synthesized secretory proteins. A growing body of evidence has suggested recently that ER stress is involved in the pathogenesis of PE. For example, PE plus intrauterine growth restriction placentas show elevated ER stress with increased phosphorylation of eIF2α.^[@bib14],\ [@bib31]^ In addition, transmission electron microscopy has shown that the morphology of the ER is markedly altered in PE compared with normal placentas.^[@bib32],\ [@bib33]^ However, the overall expression profiles of these ER stress-related markers in patients with PE are poorly understood. Although the expression levels of PERK, ATF6 and IRE1 signalling pathway markers have been detected in PE,^[@bib34]^ the phosphorylation of ER-related key proteins is not clear. The western blot analyses showed that the expression levels of PERK and Ire1 signalling pathway markers, including GRP78, PERK, eIF2a and CHOP, especially including p-PERK, p-eIF2a and p-Ire1, were markedly increased in the placental tissues obtained from women with PE than from those without PE. In contrast, the expression levels of the ATF6 signalling pathway markers were not significantly different in these two groups.

A recent study has suggested that the unfolded protein response pathway may be activated downstream of the innate immune system through Toll-like receptors that upregulate the expression of iNOS in macrophages.^[@bib35]^ It has been reported that the HBsAg variant activates ER-related genes and induces ER stress that mediates the induction of reactive oxygen species, NO and apoptosis in similar manners.^[@bib36]^ In addition, the PERK pathway is involved in NO-induced apoptosis in endothelial cells under high-glucose conditions.^[@bib37]^ Moreover, NO-induced apoptosis in pancreatic β-cells is mediated by the ER stress pathway.^[@bib38]^ Furthermore, the Ire1 protein has been shown to stimulate the p38 mitogen-activated protein kinase, c-Jun N-terminal kinase and nuclear factor-κB pathways, leading to the release of inflammatory cytokines by acting through tumour necrosis factor receptor-associated factor and apoptosis signal-regulating kinase 1.^[@bib39]^ In this study, the Ire1 pathway was activated in the PE samples that may activate proinflammatory pathways and induce iNOS upregulation through its kinase domain. Moreover, serum tumour necrosis factor-α was increased in the PE group ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These findings are consistent with previous results indicating that PE is associated with increased inflammation.^[@bib40],\ [@bib41]^ However, in order to establish the relationship between the NO pathway and ER stress in the pathogenesis of PE, more research is needed.

Conclusion
==========

The placental protein expression of ER stress-related markers, including GRP78, GRP94, p-PERK, eIF2a, p-eIF2a, XBP1, CHOP, Ire1, p-Ire1 and iNOS, was higher, whereas the eNOS expression was less in the PE group compared with the control group (*P*\<0.05 for all). However, the expression of ATF6 and PERK was similar in the PE and control groups. Upregulation of CHOP and iNOS was consistent with apoptosis in the PE placenta. These data suggest that the exaggerated ER stress response and upregulated iNOS level were probably associated with increased apoptosis in the placentas of PE patients and may contribute to the pathophysiology of PE.
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![Immunohistochemical staining and western blot analyses of eNOS and iNOS in placental tissues from normal women and those with PE (*n*=32 each). (**a**) Representative immunostaining of iNOS and eNOS (brown) in the normal and PE groups. (**b**) Western blot analyses of eNOS and iNOS in placental tissues from normal women and those with PE. \**P*\<0.05 compared with a normal pregnancy.](jhh201617f1){#fig1}

![Western blot analyses of ER stress markers in placental tissues from normal women and those with PE (*n*=32 each). Representative western blots of PERK, phospho-PERK, IRE1a, IRE1 (phospho-S724), eIF2α, phospho-eIF2a, XBP1s, GRP78, GRP94, CHOP, ATF6 and the loading control (GAPDH). Data are presented as mean±s.d. \**P*\<0.05, PE versus control.](jhh201617f2){#fig2}

![Apoptosis assay with TUNEL staining and western blot analyses of caspase 4. (**a**) PE placenta; DAPI staining (blue). (**b**) PE placenta; TUNEL staining (green) indicates many apoptotic nuclei. (**c**) PE placenta; the merged image of TUNEL (green) and DAPI (blue) staining. (**d**) Control placenta; DAPI staining (blue). (**e**) Control placenta; TUNEL staining (green) indicates few apoptotic nuclei. (**f**) Control placenta; the merged image of TUNEL (green) and DAPI (blue) staining. (**g**) The positive ratio of TUNEL staining in PE and control placentas. (**h**, **i**) Western blot analyses of caspase 4 in placentas from normal women and those with PE (*n*=32 each). Scale bars=100 μm. \**P*\<0.05, PE versus control.](jhh201617f3){#fig3}

###### Antibodies used for western blot

  *Target*               *Species*           *Manufacturer*                 *Catalogue number*   *Dilution*
  ---------------------- ------------------- ----------------------------- -------------------- ------------
  PERK                   Rabbit anti-human   Cell Signaling Technology            5683S            1:1000
  Phospho-PERK           Rabbit anti-human   Cell Signaling Technology            3179S            1:1000
  IRE1a                  Rabbit anti-human   Cell Signaling Technology            3294S            1:1000
  IRE1 (phospho- S724)   Rabbit anti-human   Abcam                               ab48187           1:800
  eIF2α                  Rabbit anti-human   Cell Signaling Technology            5324S            1:1500
  Phospho-eIF2a          Rabbit anti-human   Cell Signaling Technology            3597S            1:1000
  XBP1s                  Rabbit anti-human   Cell Signaling Technology            12782S           1:1000
  GRP78                  Rabbit anti-human   Abgent (San Diego, CA, USA)         AP50016           1:1500
  GRP94                  Rabbit anti-human   Abcam                               ab108606          1:1500
  CHOP                   Rabbit anti-human   Abcam                               ab11419           1:1000
  ATF6                   Rabbit anti-human   Abcam                               ab37149           1:800
  Caspase 4              Rabbit anti-human   Abcam                               ab97318           1:1000
  eNOS (phospho S1177)   Rabbit anti-human   Abcam                               ab184154          1:800
  eNOS                   Rabbit anti-human   Cell Signaling Technology             9586            1:1500
  iNOS                   Rabbit anti-human   Abcam                                ab3523           1:1000

Abbreviations: ATF6, activating transcription factor 6; CHOP, CCAAT/enhancer-binding protein homologous protein; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; PERK, protein kinase-like endoplasmic reticulum kinase; XBP1s, spliced form of X-box binding protein 1.

###### Characteristics of the study group

                                     *Controls (*n*=32)*   *Preeclampsia (*n*=32)*   P-*value* *Preeclampsia versus controls*
  ---------------------------------- --------------------- ------------------------- ------------------------------------------
  Age (years)                        30.3±3.0              30.9±4.4                  0.645
  Prepregnancy BMI (kg m^−2^)        21.07±3.47            22.07±4.18                0.495
  Gestational age at birth (weeks)   39.2±1.2              33.6±3.7                  0.000
  Gravida                            2.8±1.6               2.3±1.0                   0.269
  Parity                             1.47±0.17             1.50±0.73                 0.893
  Systolic blood pressure (mm Hg)    115.9±10.2            158.9±17.2                0.000
  Diastolic blood pressure (mm Hg)   72.9±6.8              99.6±8.6                  0.000
  Uric acid                          323.5±92.1            451.7±110.4               0.001
  ALT                                9.4±2.7               18.1±12.9                 0.019
  AST                                17.4±5.0              20.7±7.5                  0.169
  Creatinine                         54.1±9.3              65.3±21.5                 0.065
  Urine protein/24 h                 ---                   3.312±2.440               ---
  Fetal gender                       16 (boy):16 (girl)    19 (boy):13 (girl)        0.743
  Fetal birth weight (g)             3199.2±300.2          1936.3±866.5              0.000

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index.

Values represent mean±s.e.m. (Student\'s *t*-test).

Women with any underlying medical conditions such as diabetes, preexisting renal disease and autoimmune disease were excluded. Women with preeclampsia (PE) were diagnosed according to the current American College of Obstetricians and Gynaecologists guidelines.
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